Chorda rigida Kawai et Arai, sp. nov. (Chordaceae, Laminariales) is described from the Sea of Japan, NW Pacific. This species resembles Chorda filum (Linnaeus) Stackhouse but is distinguished by the following characteristics: 1) the sporophytes grow on more or less exposed rocks at 2-7 m depth and do not form dense tufts; 2) compared with C. filum , sporophytes of C. rigida are much more rigid and are composed of denser cortical layers (6-18 cells thick); 3) C. filum becomes fertile and disappears in late spring to summer, whereas C. rigida appears in early summer, oversummers, and becomes fertile only in late autumn at the same localities; 4) in culture, C. rigida sporophytes tolerate higher temperature conditions (20 and 25 Њ C) than C. filum ; and 5) C. rigida has considerably longer sequences of the rDNA ITS region than does C. filum . The independence of the species is further supported by molecular phylogenetic analyses using sequence of the ITS ϩ 5.8S ribosomal DNA. Interestingly, C. filum is shown to be genetically diverse and possibly paraphyletic, and it may require subdivision into several species or subspecies. The rbc L and associated spacer sequence data established monophyly of the genus Chorda among Laminariales, but the resolution was limited for discussing the phylogenetic relationships within the genus. Key index words: 5.8S rDNA; Chordaceae; Chorda filum ; Chorda rigida sp. nov.; ITS; Laminariales; molecular phylogeny; Phaeophyceae; rbc L; Rubisco spacer Abbreviations: ITS, internal transcribed spacer; ML, maximum likelihood; MP, maximum parsimony; NJ, neighbor joining
are included in the order at present: Alariaceae, Chordaceae, Laminariaceae, Lessoniaceae, Phyllariaceae, and Pseudochordaceae (Setchell and Gardner 1925 , Tilden 1935 , Kawai and Kurogi 1985 , Henry and South 1987 . Although phylogenetic relationships relative to other phaeophycean orders are unclear (Clayton 1984 , Müller et al. 1985 , Kawai 1992 , Tan and Druehl 1996 , Boo et al. 1999 , within the Laminariales the families with terete sporophytes (Chordaceae and Pseudochordaceae) have been considered to be primitive based on the following characteristics (Kawai and Kurogi 1985 , Henry and South 1987 , Kawai and Nabata 1990 : 1) relatively simple organization of sporophytes without differentiation between blade and stipe and lack of a meristematic rhizoidal holdfast, 2) annual nature of sporophytes and lack of distinct intercalary meristem (except for Chorda filum ), 3) lack of mucilage organs (e.g., mucilage gland cells or mucilage ducts) and mucilage caps on paraphyses, 4) presence of eyespots in zoospores, 5) occurrence of monoecious ( Chorda tomentosa Lyngbye ϭ Halosiphon tomentosus [Lyngbye] Jaasund) or monomorphic dioecious ( Pseudochorda nagaii [Tokida] Inagaki) gametophytes, and 6) lack of inner hyphae ( C. tomentosa, Pseudochorda spp.).
The placement of H. tomentosus in the family Chordaceae has been controversial because the species differs from the generitype C. filum in various basic features: 1) occurrence of long assimilatory filaments instead of unicellular paraphyses, 2) absence of an intercalary meristem, 3) absence of trumpet-shaped hyphae or an obvious differentiation between cortical layer and peripheral (meristodermal) layer, 4) occurrence of monoecious gametophytes, and 5) presence of different sexual pheromones (Maier 1995) . More recently, Peters (1998) established a relatively substantial genetic distance between C. filum and H. tomentosus based on molecular phylogenetic data. (He reinstated the generic name Halosiphon at that time, which was established by Jaasund [1957] based on a misunderstanding of an epiphyte as the gametophyte of the species.) Peters (1998) discussed the possibility that Halosiphon was incorrectly placed in the Chordaceae but did not present a formal taxonomic treatment. Therefore, the genus Chorda (and probably the family Chordaceae) only includes the type species C. filum.
Here we describe a new species in the genus Chorda , found in a relatively limited area in the Sea of Japan, NW Pacific. We describe its morphology, phenology, life history in culture, and phylogenetic affinities based on sequences of the nuclear internal transcribed spacer (ITS) regions of the rDNA (ITS1-5.8S-ITS2) and the Rubisco large subunit gene ( rbc L) and the spacer region between rbc L and rbc S.
materials and methods
Morphological observations and anatomical comparison. The specimens of Chorda rigida sp. nov. and C. filum preserved in 5% formaldehyde seawater as listed in Table 1 were used for morphological observations by Nomarski light microscopy and anatomical investigations of the sporophyte generation. For comparisons of the number of cortical cell layers for sporophytes, cross-sections were made by hand using razor blades, and an average of 8-10 sections were observed for the following regions on each plant: intercalary meristem (except for old plants that had lost their meristem), the middle portion between the meristem and base, and the lower part of the thallus near the base. The herbarium voucher specimens of C. filum as listed in Table  2 housed in SAP (Herbarium of the Department of Botany, Graduate School of Science, Hokkaido University) were also examined for morphological comparisons of the number of cell layers constituting the cortex. The Statview v. 4 program (Abacus Concepts, Berkeley, CA) was used for the statistical analysis ( t -test) of the data.
Culture experiments. Cultures of C. rigida sp. nov. were started from zoospores released from unilocular sporangia (unispores) on erect thalli collected on November 1, 1991 at Kashiwazaki. The zoospores were pipetted onto glass slides and cultured in glass vessels containing 200 mL of PESI medium, or they were pipetted directly into plastic petri dishes containing 50 mL PESI medium (Tatewaki 1966) . The sets of culture conditions used were as follows: 5 Њ C short day (SD; 8:16h light:dark), 5 Њ C long day (LD; 16:8h light:dark), 10 Њ C SD, 10 Њ C LD, 15 Њ C SD, 15 Њ C LD, 20 Њ C SD, 20 Њ C LD, and 25 Њ C LD. All culture conditions were illuminated under daylight-type white fluorescent tubes of approximately 50 mol photons и m Ϫ 2 и s Ϫ 1 using a temperature gradient culture chamber Nippon Medical and Chemical Instruments, Osaka, Japan) . To compare growth differences under the culture conditions and to make anatomical comparisons, unialgal culture strains of C. filum isolated from Oshoro, Hokkaido and Hakui, Ishikawa Pref., Japan and Bergen, Norway were used. For anatomical comparisons, well-developed sporophytes of 50-100 mm in length grown under 10 Њ C ( C. filum ) and 20 Њ C ( C. rigida sp. nov.) LD conditions were used.
Molecular phylogenetic analysis. The origins of specimens used for molecular phylogenetic studies are listed in Table 3 . Genomic DNA was extracted using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany), following the manufacturer's instructions. Algal material was ground in liquid nitrogen, and approximately 40 mg of algal tissue was used. Extracted total DNA was monitored on ethidium bromide-stained 1.0% agarose gels.
PCR amplification of the ITS regions and the Rubisco large subunit gene ( rbc L) and the spacer region between rbc L and rbc S were carried out with a GeneAmp PCR Cycler 2400 and 9700 (Perkin Elmer, Foster City, CA) using a TaKaRa Ex Taq (Takara Shuzo, Shiga, Japan) reaction kit (total volume of 25 L composed of 2.5 L 10 ϫ Ex Taq Buffer, 5.0 M dNTP mixture, 0.1 M of each primer, 0.625 units TaKaRa Ex Taq, and 2.0 L DNA solution including 0.5-1.0 g DNA). Primers (Table 4) were designed based on published sequences of the corresponding regions reported for related taxa (Tan and Druehl 1993 , Kawai et al. 1995 , Stache-Crain et al. 1997 for ITS; Assali et al. 1990 , Valentin and Zetsche 1990 , Daugbjerg and Andersen 1997 for rbc L and spacer). The profile of PCR conditions was as follows: an initial denaturation at 95 Њ C for 5 min, followed by 30 cycles of denaturation at 95 Њ C for 30 s, annealing at 42 or 58 Њ C (for rbc L and spacer) for 30 s and 54 or 58 Њ C (for ITS) for 30 s, extension at 72 Њ C for 30 s, and a final extension at 72 Њ C for 7 min. PCR products were monitored on ethidium bromide-stained 1.0% agarose gels. PCR products were directly sequenced using the Cy5 Auto Cycle Sequencing Kit (Pharmacia Biotech AB, Uppsala, Sweden), following the The aligned sequences were subjected to maximum parsimony (MP) analyses in a general heuristic search using PAUP v. 4.0.2b (Swofford 1999) . Fifty random taxon addition replicates were performed in each heuristic search, using the option TBR branch swapping. Gaps were not taken into account in every analysis. From the same alignment, two-parameter distances (Kimura 1980 ) between taxa were estimated, and a phylogenetic tree was constructed with the neighbor-joining (NJ) method, using PAUP. Maximum likelihood (ML) analyses were also performed using PAUP in a general heuristic search (10 random taxon additions) with a substitution model of transition/transversion ratio ϭ 2 and empirical base frequencies (using Hasegawa-Kishino-Yano model) and equal among-site rate variation. The robustness of the resulting phylogenies was tested by bootstrap analyses with 1000 (MP and NJ) and 200 (ML) resamplings (Felsenstein 1985) . In an additional MP analysis, gaps were recognized as a fifth base. Pseudochorda nagaii and P. gracilis Kawai et Nabata (Pseudochordaceae, Laminariales), Laminaria diabolica Miyabe, and L. yendoana Miyabe (Laminariaceae, Laminariales) were used as outgroups in ITS-5.8S trees, whereas Ectocarpus siliculosus (Dillwyn) Lyngbye and Pilayella littoralis (Linnaeus) Kjellman (Ectocarpales) were used for rbc L ϩ spacer analyses. Etymology: The specific epithet originates from the rigid sporophytic thallus of the species.
results

Chorda rigida
Sporophyte macroscopic, epilithic, sublittoral, solitary or sparse, simple, cord-shaped, 0.3-0.5 (-1.2) m in length and about 3.5 mm in diameter, medium brown to dark brown, parenchymatous, hollow, composed of hypha, cortex, epidermis, and hairs, unicellular paraphyses without mucilagenous cap, and diskshaped rhizoidal holdfast. Cortex dense composed of 9-13 ( Ϫ 17) cells. Unilocular sporangia sessile and narrowly ovate. Microscopic gametophytes dioecious, sexually dimorphic, oogamous. Antheridium solitary. Sporophytic and gametophytic cells containing many disk-shaped chloroplasts without pyrenoid. This species is similar to C. filum in habit but differs essentially by the more robust thallus with an intercalary meristem even at maturity.
Geographical distribution, phenology, and morphology. Specimens referable to the new species were collected at several localities in Ishikawa and Niigata Prefectures, central Honshu on the Sea of Japan (Fig. 1) . This species grows subtidally on rocks in slightly muddy areas at a depth of 2-7 m below mean low water level forming relatively dense populations associated with Sargassum pallidum (Turner) C. Agardh. Few other macroscopic algae were found at the same sites. Thalli grew in sparse tufts or solitary from a small discoid holdfast up to 4 mm in diameter (Fig. 2, a-c) . The holdfast was well developed and composed of densely packed rhizoidal filaments issuing from the lower part of the erect thalli (Fig. 2h) . The erect thalli were simple, cord-shaped, medium to dark brown, and resembled C. filum but were distinguished by their solitary or sparse habit and by short and rigid erect thalli with a persistent meristematic zone (Fig.  2d ). Young specimens with an intact distal portion above the intercalary meristem were collected in early June (Fig. 2a) . Plants grew throughout the summer and attained a maximum length of 30-50 cm (rarely up to 120 cm) and a diameter of 3.5 mm by AugustSeptember. Specimens collected in August still retained the distal portions beyond the meristem; however, this portion was absent in specimens collected in September (Fig. 2b) . Most of the specimens, including fertile individuals, retained a rigid solid meristematic zone (Fig. 2, d and e) .
The new species largely had the same anatomical features as C. filum. Thalli had a solid meristem composed of small almost equal-sized meristematic cells (Fig. 2, e and f) . Epidermal cells of the meristem were not tightly coherent in cross-section, and they contained many disk-shaped chloroplasts without pyrenoids (Fig. 2g ). Pyrenoids were not detected in the field or in culture materials throughout the life history investigations. Phaeophycean hairs of 20-25 m in diameter were abundant in the meristematic region (Fig. 2f) . The central part of the thallus near the meristem was composed of two types of inner hyphae (i.e. trumpetshaped hyphae and secondary hyphae), cortical cells, and epidermal cells (Fig. 3, a and b) . The inner trumpet-shaped hyphae were formed by the elongation of inner meristematic cells (Fig. 3, c and d) . The thallus was hollow in the thicker portion further below, and the hyphae were attached on the inner surface of the cortex (photograph not shown). The cortical layer was dense, up to 18 cells thick (see below for detailed descriptions). Cells of the cortical layer were almost hyaline, cylindrical, ca. 40-80 m in diameter. In the epidermal layer, unicellular paraphyses without mucilaginous appendages developed from epidermal cells in August, but the thalli remained vegetative during summer and autumn. Cylindrical-oblong unilocular sporangia appeared on the entire surface of the thallus in October and November (Fig. 3, e and f) . They contained about 16 zoospores and had conspicuous thickenings of the upper sporangial walls. Collections could not be made during midwinter because of the rough wave conditions. No sporophytes were seen in early spring, and regeneration from old erect thalli or the holdfast did not occur; hence, this species is an annual.
Life history. Zoospores were teardrop shaped, flagellated with the usual longer anterior and a shorter posterior flagellum, and contained one chloroplast with an eyespot and showed negative phototaxis. Zoospores germinated by forming a germ tube and developed into sexually dimorphic male and female gametophytes (Fig. 4, a-c, f) . The gametophytes matured under LD and SD conditions at 5 and 10Њ C. Male gametophytic filaments were 5-6.5 m in diameter (Fig. 4a) , forming terminal antheridia (Fig. 4, b (Fig. 4, d and e) . The shape of sperm was rather variable depending on the time that had elapsed since release. Newly released sperm were relatively elongated but tended to become rounder with time (5-10 min or longer after release). They contained several small chloroplasts ca. 1.5 m in diameter in the posterior part of the cell and had no eyespot (Fig. 4, b-e) . The chloroplasts were not spatially associated with the base of the posterior flagellum (Fig. 4,  d and e). Female gametophytic filaments were rich in chloroplasts and measured 13-15 m in diameter (Fig. 4f) .
Although actual fertilization was not observed, presumptive zygotes (in mixed-sex cultures) and unfertilized eggs (in female cultures) developed into sporophytes attached to the mouth of the oogonia (Fig. 4f) . They developed into 12-to 16-celled uniseriate embryos forming cross-walls by diffuse growth and then became polystichous by forming longitudinal walls in the distal portions (Fig. 4, g-j) . Terminal and lateral hairs (often in whorls in later stages; photographs not shown) occurred in young sporophytes under LD conditions (Fig. 4i) but were rare or absent under SD conditions (Fig. 4, g and h) . The thalli were occasionally flattened in cross-section in earlier developmental stages (Fig. 4, g and k) but later became terete. Secondary rhizoids issued from the lower part of the erect thalli (Fig. 4l) . The intercalary meristem appeared near the base (Fig. 4l) of the erect thalli, and then the elongation of the portion below the meristem became more active and new growth displaced the meristem toward the distal portion of the thallus. The sporophytes elongated up to ca. 10 cm within 2-3 months at 10, 15, 20, and 25Њ C but did not grow well at 5Њ C. They became fertile at 15Њ C, forming unilocular sporangia among unicellular paraphyses (Fig. 4m) , and completed the life history. The cultured sporophytes had relatively dense cortical layers composed of as many cell layers (up to 16 cells thick) as field-collected thalli.
In contrast, the strains of C. filum (Ishikawa Pref. and Hokkaido, Japan and Bergen, Norway) showed relatively good growth at 5, 10, and 15Њ C culture conditions (5 and 10Њ C in Bergen strain) but did not grow well at 20 and 25Њ C.
Anatomical comparison with Chorda filum. Chorda rigida has a considerably denser cortical layer than C. filum, and hence the sporophyte is conspicuously more rigid. To clarify the intraspecific morphological variations within these two taxa and to compare their differences more clearly, the anatomies of sporophytes of C. filum and C. rigida were compared with the number of cell layers comprising the intercalary meristem and cortical layers of the middle and lower portions of sporophytes in field-collected, as well as cultured, material.
Chorda rigida had more cortical cell layers than C. filum in all parts of the thallus. The average number of cells forming the meristem (from center to surface) was 19.0 Ϯ 2.6 (SD) in C. filum and 25.2 Ϯ 2.9 in C. rigida. The average number of cortical cell layers in non-meristematic portions was 5.0 Ϯ 1.1 (middle part of sporophyte) and 5.5 Ϯ 1.0 (near the base) in C. filum versus 8.7 Ϯ 1.5 (middle part) and 12.8 Ϯ 1.7 (near the base) in C. rigida.
This tendency was maintained even in sporophytes grown in culture. The average number of cells forming the meristem (from center to surface) was 16.5 Ϯ 2.3 in C. filum (strains from Oshoro, Hokkaido and Hakui, Niigata Pref., Japan) and 22.3 Ϯ 1.9 in C. rigida. The average number of cortical cell layers in the nonmeristematic portions was 7.1 Ϯ 1.0 (middle part of sporophyte) and 7.1 Ϯ 1.0 (near the base) in C. filum and 11.2 Ϯ 1.7 (middle part) and 10.8 Ϯ 1.2 (near the base) in C. rigida. Significance of the difference in these measurements between the two species in all these features was confirmed by t-test (P Ͻ 0.001).
Molecular phylogenetic analysis. ITS ϩ5.8S rDNA region: As seen in Table 3 , the sequences of ITS1 and ITS2 regions were considerably longer in C. rigida (358-360 base pair [bp] for ITS1 and 302-303 bp for ITS2) than in C. filum (259-290 bp for ITS1 and 255-275 bp for ITS2).
The aligned ITS ϩ 5.8S rDNA sequence data included 1054 sites in total. There were 260 parsimonyinformative nucleotide positions in our alignment. All C. rigida specimens formed a close monophyletic cluster supported in all analyses by 100% bootstrap values (Fig. 5, a-c) . In contrast, C. filum was shown to be relatively genetically diverse. In the NJ tree (Fig. 5b) C. filum was monophyletic, but in the MP (Fig. 5a ) and ML (Fig. 5c) trees it was paraphyletic, although the bootstrap support was weak in all cases. The species was resolved as 4-5 groups in all analyses. North Atlantic specimens, including those from France (CF-Ros, CF-San), Norway (Ber), Iceland (Ora, Rey), Britain (Por, IME, IMP), and NE Canada (NFL), formed a cluster supported by high bootstrap values in all analyses. There appear to be two groups in the northernmost Pacific Ocean, including specimens from NW America (Pug), the Bering Sea (StL), and Kamchatka (Pet1 and Pet2), but their phylogenetic relationships with other populations appear to be relatively unclear. Most Japanese specimens from various localities formed a single cluster supported by bootstrap values as high as for the Atlantic cluster. Interestingly, however, the specimens from Kikonai (southern part of Hokkaido) did not cluster with other Japanese C. filum but rather joined specimens from Kamchatcka (Pet1) and NW America (Pug). In a second parsimony analysis with gaps recognized as a fifth base, the tree topology was basically the same (data not shown).
rbcL ϩ spacer region: The aligned sequence data of the rbcL gene and spacer region consisted of 1834 bp, of which 311 were informative. Among the Laminariales clades, including Chordaceae, Pseudochordaceae, and Laminariaceae, Pseudochorda was basal in distance ( Fig.  6b) and ML (Fig. 6c) analyses, although they formed a trichotomy with Chorda and the advanced Laminariales in the MP tree (Fig. 6a) . Within the Chorda clade, a North Atlantic group was basal in distance ( Fig. 6b) and ML (Fig. 6c) trees. The genetic diversity of C. filum, especially the independence of the North Atlantic (Ros, NFL) and North Pacific (Osh1, Ima, Kik1, Pug) groups, was supported by rbcL trees. Chorda rigida (CRKas) clustered with Pacific C. filum (CF-Osh1, Ima, Kik1, Pug) in all analyses, and C. filum was again paraphyletic. Phylogenetic analyses using amino acid sequence for the rbcL gave essentially the same tree topology as those based on DNA sequences. In addition, combined analyses of rbcL gene and spacer regions with ITS ϩ 5.8S rDNA sequence data yielded tree topologies essentially the same as those based on rbcL gene and spacer region sequence data (trees not shown). discussion Chorda rigida, sp. nov. resembles C. filum, generitype and until now was the only species of the genus in basic morphological features of the sporophyte and occurrence of sexually dimorphic dioecious gametophytes (Reinke 1892 , Kylin 1918 , South and Burrows 1967 , Kogame and Kawai 1996 . However, the new species is distinguished from C. filum by the following characteristics of the sporophytes: 1) relatively short, more rigid and solitary, or sparsely clustered thalli; 2) different phenology; 3) greater tolerance to considerably higher temperature conditions; and 4) thicker and firmer meristem and cortical layers. Furthermore, C. rigida has considerably longer ITS1 and ITS2 regions when compared with C. filum collected from a large proportion of its distributional range. The independence and monophyletic status of C. rigida was also supported by ITS sequence analysis. A detailed discussion of these features follows.
Character 1. Chorda rigida grows in more exposed habitat than C. filum. Perhaps due to the shorter and more rigid thalli that are firmly attached to stable rocks, the sporophytes of C. rigida can resist relatively strong wave action. The two species do not mix in the areas where they both occur.
Characters 2 and 3. On the Japanese coast, new sporophytes of C. filum usually appear in early spring and become fertile soon after attaining their maximum length, disappearing before mid-summer. In contrast, sporophytes of C. rigida appear in late spring to early summer, attain their maximum length in summer, but remain vegetative during summer (oversummer) and become fertile in late autumn to winter. In colder habitats (e.g. northern Europe where the monthly average surface water temperature in August is 11-13Њ C) (South and Burrows 1967) where summer water temperatures are considerably lower, growth of C. filum may be slower and the sporophytes often oversummer (Lund 1959, South and Burrows 1967, our own observations). However, even in such localities, the sporophytes do not remain vegetative after attaining their maximum length in summer (South and Burrows 1967) . As shown in the present culture experiments, Japanese C. filum grew well at 10 and 15Њ C but poorly or not at all at 20Њ C and could not tolerate temperatures over 25Њ C. In contrast, C. rigida showed tolerance to higher temperature ranges and grew even at 25Њ C. This result agrees with the field water temperature conditions of the locality where the monthly average surface water temperature in August is ca. 24-25Њ C (Funahashi 1974) .
Character 4. In C. filum, the distal portion of sporophytes above the meristem is gradually lost as they grow, and a meristem is rarely found in sporophytes that have reached their maximum length (South and Burrows 1967 , our own observations). However, in C. rigida the decay stops at the meristem, and the meristem is often retained even in fertile sporophytes, probably because of the rigid meristem and cortex below the meristem.
Although the number of cortical cell layers is more or less predetermined by the number of cells composing the meristem (Kogame and Kawai 1996) , it is 
